Background: Preterm birth is a major health problem in developing and developed countries leading to rising health care costs and long-term neurodevelopmental disability. The study aims to evaluate the role of new quantitative markers, like the elastography of cervix (shear wave speed estimation), fetal adrenal zone enlargement, and corrected fetal adrenal gland volume; in preterm birth prediction and analyze their relative importance. Thus, these markers may be beneficial in early preterm birth detection and prevent the related morbidities. Methods: Thirty pregnant females (from 28 to 37 weeks of gestational age), showing clinical signs and delivery outcome of preterm birth were included in the study with an equal number of not-in-labor antenatal females at !37 weeks as controls. These patients were categorized as preterm and term groups. Both the groups were subjected to trans-abdominal ultrasonography where cervical length, cervical shear wave speed (dynamic elastography) and fetal adrenal gland parameters were measured. Results: Shear wave speed estimation of the antenatal cervix showed the highest sensitivity and specificity (96.7% and 87% respectively) in the prediction of preterm birth and also showed a strong correlation with fetal adrenal gland enlargement. Fetal adrenal zone enlargement was also shown to be a reliable marker of preterm birth, however, with reduced sensitivity and specificity than shear wave speed. Conclusion: The elastographic advancement and fetal adrenal biometry derived quantitative markers can be used as an objective and standard criterion for accurate prediction of preterm birth.
Introduction
Preterm birth (PTB) is defined as the onset of delivery prior to 37 completed weeks or 259 days of gestation but after the age of viability. 1 The age of viability may range from 20 to 28 weeks 2 and hence the definition varies in developed and developing countries. Based on the gestational age, those born below 28 weeks are termed extreme preterm and those above 32 weeks are late preterm. This study was conducted in a developing country with 28 weeks as the gestational age of viability.
Preterm labor (PTL) is a major health problem and one of the recent annual reports have estimated that 15 million babies are born preterm worldwide. 3 The incidence varies from 5% to 18% across the globe reaching around 7.3% in the UK 4 
and 9.63% in the United
States. 3 About 85% of the worldwide cases of preterm birth are concentrated in Asia and Africa, comprising 54% and 31% respectively. 1 Hence, increasing burden of disease and annual cost associated with care of preterm infants demanded a search for a new and reliable quantitative marker of preterm labor prediction.
Initiation of the process of parturition can be attributed to a complex interaction of various fetal and maternal hormonal pathways, which are primarily driven by the fetal hypothalamic-pituitary-adrenal (HPA) axis. 5 The fetal zone of the adrenal gland plays a central role by producing dehydroepiandrosterone-sulfate (DHEA-S), which can be sonographically correlated to the adrenal gland and fetal zone enlargement (FZE). 6 The end-process of all the pathways is cervical remodeling leading to cervical softening and ripening. 7 This physiological cascade can be indirectly utilized for prediction of PTB by assessing the degree of adrenal gland enlargement and also estimating the softening/ elasticity properties of the antenatal cervix. 8 These quantitative markers have been studied in isolation previously but their comparison has not yet been performed. This study sought to test the significance and accuracy of fetal adrenal gland enlargement and cervical elastography in the prediction of PTB.
Material and methods
This was a prospective observational case-control study, approved by the institutional review board and conducted over a 10 month period. The study involved 30 pregnant women delivered between 28 and 37 weeks of gestational age due to clinically established PTL. An equal number (n ¼ 30) of nonlaboring pregnant women at the gestational age !37 weeks were enrolled as controls. A written consent was taken from all the patients. Patients with advanced PTL (cervical dilatation !3 cm), multiple gestations, preeclampsia, eclampsia, previous history of cervical surgery (cerclage), polyhydramnios, oligohydramnios, diabetes mellitus, maternal heart disease, and fetal abnormalities incompatible with life were excluded from the study.
The diagnosis of PTL was based on clinical criteria of regular uterine contractions (>4 in 20 minutes or >8 in 60 minutes), each of duration more than 40 seconds and associated with cervical dilatation >1 cm and <3 cm. 9 Premature rupture of membranes (PROM) and leaking of amniotic fluid was considered as PTL. These patients were classified as the preterm and controls as the term group. Next, all the patients were sent for obstetric ultrasonography (USG) within 24 hours of admission, where fetal biometry, fetal adrenal gland assessment, cervical length measurement, and elastography of cervix were done. All the measurements were performed trans-abdominally (TA). The examination was done on an Acuson S2000 diagnostic ultrasound system (Siemens Healthcare, Erlangen, Germany) with transducer frequencies of 3.5 MHz and 9-11 MHz.
Sono-elastography of cervix
Standard obstetric USG was followed by the cervical length estimation using the same abdominal transducer. The cervix was focussed in the mid-sagittal plane and the length was measured from the internal to the external os (Figure 1(a) ). The cervical elastographic assessment was also done on the same ultrasound system by the same radiologist (blinded to clinical diagnosis), using dynamic elastography based on acoustic radiation force impulse (ARFI) technique. This technique employed virtual touch tissue quantification (VTQ) elasticity model to generate shear wave speed (SWS) of a small block of the cervix. A rectangular box of size 10 Â 6 mm 2 was placed on the anterior wall close to the internal os (where depth from skin surface was <80 mm) and the software gives the SWS in meters per second (Figure1(b) ). Average of the three measurements was charted for every patient to exclude measurement bias. The measurements were reproducible in all the cases where cervix could be visualized. There were only three cases where fetal head shadow completely obscured the internal os or cervix was too deep for the elastography box to reach and hence, were excluded and not counted in the study.
Fetal adrenal gland biometry
Fetal adrenal gland assessment was done by another radiologist (blinded to clinical and elastographic findings), on the same ultrasound system using linear array transducer of 9-11 MHz frequency and linear obstetrics preset. Fetal adrenals were focussed in the axial plane, by smoothly navigating the transducer cranially above the level of kidneys. The central hyperechoic part of the fetal adrenal gland (fetal zone) was measured in the sagittal or coronal plane (by 90 transducer rotation) along with the maximum dimension of the gland in the same plane (Figure 2 ), to give fetal zone depth (d) and total gland depth (D). The d/D ratio was charted as a percentage and called as a marker of fetal zone enlargement (FZE). 10 The total gland dimensions were taken in three orthogonal planes and gland volume was estimated using the ellipsoid formula (a*b*c*0.52). This was further divided by the estimated fetal weight (EFW) in kilograms to yield corrected fetal adrenal gland volume (cAGV) in cubic millimeters per kilograms (mm 3 /kg). EFW was calculated automatically using Hadlock formula based on four common fetal measurements i.e. biparietal diameter (BPD), head circumference (HC), abdominal circumference (AC), and femur length (FL). These measurements were done on both adrenal glands; however, left-sided measurements were used due to its semilunar shape. In patients with increased abdominal fat, the fetal adrenals were assessed using a 3.5 MHz curvilinear probe.
Statistical analysis
The clinical and sono-elastographic data was stored on separate spreadsheets for preterm and term groups using Microsoft Excel 2010 (Microsoft Corp., Redmond, WA, USA). All statistical analysis was done using SPSS Statistics software for Windows (Version 23.0. IBM Corp., Armonk, NY, USA). Normality of variables and homogeneity of variances was tested using the Shapiro-Wilk test and Levene's test, respectively. Intergroup comparison of the test variables was done using Student's t-test. Receiver operating characteristics (ROC) curve was designed for all the variables to determine their best predictive cut-off values. The level of statistical significance was determined at p < 0.05. Pearson ranked correlation coefficient was used to assess the relationship of SWS with FZE and cAGV for both the groups under study. The degree of agreement and proportional bias between the measurements of both adrenal glands were investigated using Bland-Altman and linear regression plots.
Results
The patient profile and sono-elastographic measures of both groups of patients are shown in Table 1 . The age range of the preterm cohort was 22 to 32 years and that of the term was 22 to 34 years with mean age of 27 and 28 years respectively. Mean gestational age at the time of ultrasonography and at delivery was charted for both the groups, which showed the mean interval of nearly 2.0 weeks for preterm patients. Mean values of the continuous variables like SWS, cervical length, FZE and cAGV were tabulated as outcome measures in Table 1 and compared for statistical significance using Student's t-test. The test revealed that preterm pregnant women had statistically significant lower shear wave speed (t(58) ¼ À9.841, p < 0.001) than those delivered at term. The markers of fetal adrenal gland enlargement i.e. FZE and cAGV showed higher values in the preterm group than the term group and that too with statistical significance, FZE (t(58) ¼ 4.807, p < 0.001) and cAGV (t(58) ¼ 6.3431, p < 0.001).
The correlation matrix (Table 2 ) between all the variables under study, showed a strong inverse relationship of SWS with FZE and cAGV (p < 0.05) in both the groups. Similar result pattern was demonstrated by group scatter plots (Figure 3) , where the preterm cohort was showing lower SWS with higher FZE as well as cAGV. FZE and cAGV were positively correlated but showed significance only in the preterm cohort.
ROC curves were plotted ( Figure 4) with Table 3 showing cut-off values of variables (derived from ROC curves) and their corresponding sensitivities and specificities. SWS at the cut-off value of 2.87 m/s showed the highest area under the curve, AUC (0.973), sensitivity (96.7%), and specificity (87%) for prediction of preterm birth. Fetal adrenal gland biometry also showed the significant AUC; however, FZE was more sensitive and specific than cAGV. The study revealed that fetal zone enlargement of approximately 50% of the total gland, correctly identifies the risk of preterm delivery in 90% of the patients.
Bland-Altman plots for pairs of the FZE ( Figure 5(a) ) and cAGV ( Figure 5(b) ) measurements showed a statistically significant degree of concordance (B ¼ 0.026) in FZE estimation, with regression line-offit approaching the mean and zero value. There was no significant proportional bias in FZE measurements of both the adrenal glands (p ¼ 0.649) and the difference between measurements remained stable as the average increased, within 95% confidence interval. This agreement was not seen in cAGV measurements of both adrenals, where a significant proportional bias was found (p < 0.001) with regression line-of-fit deviating from the mean and zero values (B ¼ À0.294). 
Discussion
This study highlights that fetal adrenal gland biometry and elastography of the antenatal cervix are beneficial in prediction of preterm birth. The correlation between SWS of the cervix, trans-abdominal (TA) cervical length, and fetal adrenal enlargement is also demonstrated with the relative difference in their levels of accuracy. Quantitative assessment of the at-risk population is useful to implement therapeutic measures thus reducing the prematurity related complications. Our study also showed that FZE of both the adrenal glands are in agreement with each other and hence, eliminates the ambiguity in adrenal gland selection. About 85% of preterm deliveries occur spontaneously and the rest of them are elective. maternal plasma corticotrophin-releasing hormone (CRH) and cortisol levels. 13 Each of these markers has their own shortcomings related to the degree of accuracy, availability, cost effectiveness, and subjectivity in their assessment.
Cervical length assessment is an integral part of comprehensive obstetric ultrasound examination. Based on a multi-center study by Iams et al., 14 the ''short cervix'' is defined as less than 25 mm or less than 10th centile length at 24-28 weeks of gestation. A recent study has also emphasized the fact that a 25 mm cut-off should be used only for cases not experiencing threatened preterm labor. 15 However, all the studies were done at or before 28 weeks of gestation and employed trans-vaginal approach. Several other reports also demonstrated the gradual shortening of the cervix beyond 30 weeks of the gestation and hence, it has no predictive value for any definition of preterm birth. The controversy stays due to the fact that 50% of patients with a cervical length <25 mm may deliver at term.
14 In our study, the mean value of the cervical length was approx. 20 mm in both the groups with insignificant p-value of 0.29. Therefore, the concept of ''short and shortening'' cervix may be a more effective tool in PTB prediction, but it requires serial cervical assessment. 16 The measurements of cervical length obtained in this study are not scientifically valid because of TA acquisition technique.
Parturition and labor onset is a complex biological cascade, which is a hormone-based loop. The origin of this pathway resides with activation of fetal hypothalamus and pituitary glands in response to fetal stress. This further activates the fetal adrenal gland where the central zone of the gland responds by the release of glucocorticoids, predominantly DHEA-S. Interplay of fetal adrenal gland and placenta upregulates placental CRH, which further causes the release of prostaglandins like PGE2 and PGF2a and leads to onset of labor. 5, 17 Premature activation of placental CRH, acts as a biological clock in early onset of labor and delivery. 18, 19 Thus, the activation of the placenta via fetal steroid precursors can be correlated with enlargement of the fetal adrenal gland, which had also been proved by a previous autopsy study indicating higher gland weight in neonates delivered preterm. 20 A few previous studies were done on fetal adrenal gland volume where the measurements were done using 3D-volumetric methods. Turan et al showed that adrenal gland volume was significantly higher in fetus born preterm. The first study 21 revealed that cAGV of more than 422 mm 3 /kg is 92% sensitive and 99% specific for delivery within 5 days and in a later study, 10 they proposed the cut-off value of 420 mm 3 /kg with 81% sensitivity and 87% specificity. A study contradicted these results by showing statistically significant (p ¼ 0.006) smaller adrenal glands in the spontaneous preterm births. 22 We also found that cAGV was higher in preterm deliveries with 67% sensitivity and 76% specificity at cut-off value of 415 mm 3 /kg (p < 0.001). The assessment of the fetal adrenal central zone was also done in one of these studies, 21 where the fetal zone enlargement (d/D or FZE) of more than 49.7% was found to be 100% sensitive. Our study also found enlargement of the fetal zone of the adrenal gland with 90% sensitivity and 80% specificity at cut off value of 47.7%. The study by Hoffman et al., 23 however, did not find any of the fetal adrenal measures predictive of PTB. The area under the curve for d/D ratio was found to be 0.52 while it was 0.887 in the present study. These contradictory findings are attributed to the fact that none of their participants delivered within 2 weeks of ultrasound assessment and the mean time interval between the ultrasound and delivery was 55.3 days ranging from 18 to 93 days. Thus, it supports the fact that the fetal adrenal gland undergoes enlargement during a short interval of time ranging from 7 to 14 days and is highly predictive during this phase. This concept is reinforced by the endocrine research, which showed that maternal plasma CRH and cortisol levels are significantly higher in females giving birth within 24 hours, during 28 to 36 weeks of gestation. 11 A recent study compared cAGV and FZE with cervical length and fetal fibronectin and found the highest sensitivity of cAGV and FZE to predict PTB within 7 days. 24 Guler et al. 5 also found statistically significant higher FZE values in preterm labor cases with mean value of 55.4% while our data revealed the mean value of 51.4%.
Dynamic shear-wave elastography of the antenatal cervix is a novel tool, which has been employed scarcely in the previous studies. [25] [26] [27] In an earlier study, 27 the shear wave velocity (SWV or SWS) was found to be less in preterm cases than in the term with higher sensitivity and specificity (93% and 90% respectively) at the cutoff of 2.83 m/s. In this study, the mean SWS was 2.27 m/s and 3.45 m/s in the preterm and term groups, respectively with p < 0.001. Cut-off value was found to be similar i.e. 2.87 m/s with sensitivity of 96.5% and specificity of 87%. The concept has been proved previously by an ex vivo study using histopathological uterine cervix samples. 6 Elastographic assessment of antenatal cervix was found to be the best predictor in comparison with fetal adrenal gland biometry and cervical length measurement. Other researchers have done static elastography and strain ratio measurements [28] [29] [30] [31] on the antenatal cervix, which were out of scope of this study. Elastographic index grading was also not included in this study.
Strengths of the study include the comparison of fetal adrenal gland biometry with cervical elastography.
Previous studies have evaluated the role of all these parameters in isolation or with cervical length. Further, the primary variables under study (fetal adrenal gland measures (FZE and cAGV) and elastography of antenatal cervix (SWS)) were assessed independently by two radiologists to assess the reliability and reproducibility. Both adrenal glands had never been compared previously for the significance of any proportional bias in their measurements. The main limitation of the study is small sample size and single-center approach. Another limitation is the use of trans-abdominal probe for cervical assessment, which is indirectly advantageous over the more invasive trans-vaginal procedure. NICE guidelines on preterm labor and birth 4 recommend transvaginal (TVS) cervical length measurement as a diagnostic test. Hence, the TA measurements of cervical length in this study cannot be standardized and compared to other markers. The adrenal gland was measured by 2D technique rather than 3D, which may have given a more accurate value; however, the application of 3D-ultrasound is technically challenging in adrenal gland assessment. Cervico-vaginal fetal fibronectin is also considered as an alternate test but only secondary to TVS. Fibronectin level >50 ng/mL is considered positive; however, it was not employed in our study due to its lesser sensitivity, higher cost, and lack of easy availability. 4 The measurement of elastography and fetal adrenal gland biometry are not standardized procedures and there is an absence of gestational age related nomograms for these two variables. The studies are needed with large sample sizes and a multi-center approach to predict the normal values of the fetal adrenal gland parameters and elastographic characteristics of the cervix. The new, low cost, noninvasive, and sensitive markers for preterm labor assessment are also required to be sought and evaluated.
In conclusion, shear wave elastography of the antenatal cervix and fetal adrenal zone enlargement are potential new markers for prediction of preterm delivery, which can aid in identifying the at-risk population and reduce the prematurity-related complications.
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